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Phase Mask 
Coronagraphs



Introduction
• Coronagraph

• Playing with the phase instead of amplitude        
(Francois Roddier’s idea)

Solar corona without eclipses
 coronagraph (Lyot, 1930)  

mask diaphragm
e

ρ = rejection ratio
   = Iwith/Iwithout



FQPM: a success story 
(Rouan et al. 2008)

• From Francois Roddier’s idea, through 
Antoine Labeyrie and Daniel Rouan’s 
discussion, the four-quadrant phase-mask 
coronagraph was born (Rouan et al. 2000);

• Lab extensive demo:
• Optical, laser: 10-7 contrast at 3λ/d              

(Riaud et al. 2003)

• Optical, broadband (20%): 10-7 at 4λ/d      
(Baudoz et al. 2007)

• Optical, broadband (60%): 10-5 at 4λ/d     
(Mawet et al. 2006)

• Near-infrared, broadband (3 x 20%): 
10-4 at 3λ/d  (Boccaletti et al. 2008)

• Mid-infrared, broadband (10%): 5 10-5 
at 3λ/d (Baudoz et al. 2005)



Success story

• Installed at NACO’s focus since 2003
(VLT, Boccaletti et al. 2004)
• two FQPM:

• monochromatic H-band
• monochromatic K-band 

• Installed at WCS’ focus since 2005
(Palomar):
• several K-band FQPM



The Palomar “well-corrected 
subaperture” (Serabyn et al. 2007)

• Keep pupil location at DM
• Magnify pupil (by f1/f2)
• Center sub-pupil on DM
• Maintain F# to AO system
 ⇒ post-AO optics unchanged

Adaptive
  Optics Camera

Subaperture          
  reimager

Existing 
Telescope
Optics:

DM

Hα

ϕ=250 µm

200

100
80

AO

ExAO



The Palomar “well-corrected 
subaperture”

ROB

PALAO



Performance

Sum of 20 exposures (log scale)
Integration time = 20 x 1.416 s
(center saturated for better view)

Results: Single star HD121107 in Br γ filter (2.17 µm) 



Performance

• Best Strehl ratio ≈ 0.92-0.94
• rms ≈ 85 -100 nm

• Strehl stability: 1 % rms



Scientific results



On NACO



PDS 70 (Riaud, Mawet,  Absil et al. 2006)

• PDS 70
• Centaurus association (140 pc)
• K5
• < 10 Myr
• WTTS

• Discovered disk
• from 14 to 140 AU
• r-2.8

• outflow up to 550 AU

• Candidate BD companion
• M8, 2750 K
• 27-50 MJ

0.7’’



NGC 1068 (Gratadour et al. 2005)
• North: detection of knots tracing 

shocks induced in the ISM by the 
passage of the jet ; relative 
photometry suggests very small dust 
grains transiently heated by UV 
photons of the central source. 

• To the South: a new group of 
filamentary structures, distributed in 
a cone at about 150 pc from the 
core. They might trace the 
redshifted southern narrow line 
region, seen through the dust. 

• Larger scale (within a radius of three 
hundred pc): the source has an 
overall biconical shape whose angle 
matches well with the bicone 
observed in the UV-visible.

80 pc

Gratadour et al. 2005



HD 10647 (Mawet et al., in preparation)

Inner disk detection (predicted by Liseau et al. 2008), 
completing the picture for this system.



On the Palomar’WCS
with PHARO 

(Serabyn & Mawet, in preparation)



HD 130948
• HD130948BC (triple system, B and C are both BDs, not resolved since separated 

by 130 mas)
• BD pair clearly detected 
• Separation of BD pair from host star: 2.61+/- 0.1 arcsec
• Delta K = 6.9 +/- 0.5
• Very consistent with earlier images
• Could have seen similar companion much closer in

Gemini North
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Detectivity
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HD49197
• HD49197C seen previously at both Palomar and Keck (Metchev) 
• Brightest thing in our image outside 2 lam/D is located in the right 

place to be HD49197C.
– Only a few other fainter things present (how much fainter?) 
– Seems to be a reasonably solid detection
– Residuals inside of 2 lambda/D make that region suspect.

• Measured properties for HD49197C (our resolution is 3x worse at 
least):
– Separation 0.95 “ +/- 0.1 = ~ 2.5 - 3 lam/D
– Delta K: 7.7 +/- 0.8 (polluted)



HD49197: same scale and PA



HD171488
• Interesting detection:

– Our measurements:
• Separation: 2”.7 +/- 0.1
• Delta K: 6.4 +/- 0.5
• Potential companion?

– Is del-K of 6.4 a bit bright for a BD? (or is this a young enough star that BDs are 
brighter? Or a background object?)

– Could have been missed by McCarthy et al. 2004 since their Lyot 
spot radius was 2”.5

– Check if more recent surveys looked at it; McCarthy data on this 
star from summer 1995?



Some perspectives

• SPHERE (VLT): prototype 
manufactured, technology validated

• Under integration in MIRI (JWST)

• Palm-3000 (Palomar)

• Under consideration/development for: 

• METIS (N band, VLT)
• EPICS (JHK-band, EELT)
• a Gemini/Keck/TMT WCS              

(Mawet et al. 2008) ?
• ACCESS (space-born telescope)



Evolution of the FQPM



Achromatic FQPM using halfwave plates
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HWP FQPM
1 µm

Cutting
Polishing
Assembly

very delicate (micron level)

J. Baudrand



Lab results in the Visible

Fiber 
source

Pupil L2

L1

FQPM

L3

detector

10-4@2.5λ/D

10-6

J. Baudrand



Technique chosen for SPHERE 

 

Useful field apertureGlue spots SiO2 plate support: (30 x 30) mm 2 - 1 mm thick

Quartz stage MgF2 stageMaterial fast axis orientation:

Retarder plates: (14.5 x 14.5) mm 2

Useful field apertureGlue spots SiO2 plate support: (30 x 30) mm 2 - 1 mm thick

Quartz stage MgF2 stageMaterial fast axis orientation:

Retarder plates: (14.5 x 14.5) mm 2

 
  

Quartz
(ep = 1531 µm)

MgF2
(ep = 1202 µm)

Silica plate
support

Quartz
(ep = 1531 µm)

MgF2
(ep = 1202 µm)

Silica plate
support

Quartz
(ep = 1531 µm)

MgF2
(ep = 1202 µm)
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Silica plate
support

Boccaletti et al. 2008



SPHERE coronagraph testbed

 



Test results



Optical Vortex

Phase screw dislocation 

= singularity on the axis
→ destructive interference

→ « black hole »
= optical vortex

FFT

€ 

eilpθ



Vectorial vortices
• Pancharatnam 

(or geometric) phase

• Topological charge

• Jones formalism, natural light can always be 
decomposed in 2 orthogonal incoherent polarization 
states 

L’ ¼
0

1

! "
: ðA12Þ

In such a case, the vortex component Jones matrix must be transformed by

J
@’
vortex(s; p)¼UJvortex(s; p)U

$1; ðA13Þ

with the helical-basis transformation matrix

U ¼ 1ffiffiffi
2

p
1 i

1 $i

! "
: ðA14Þ

Finally, we have

J
@’
vortex(s; p)¼

1

2
!TE þ !TMe

i!"
$ % 1 0

0 1

! "
þ 1

2
!TE $ !TMe

i!"
$ % 0 ei2#

e$i2# 1

" #
: ðA15Þ

In the perfect case where !TE ¼ !TM ¼ 1 and !" ¼ $, and in the AGPM configuration case where lp ¼ 2 and thus # ¼ lp!/2 ¼ !,
where ! is the azimuthal polar coordinate, we obtain as output

R@ ¼
0

ei(2!$$=2)

! "
; ðA16Þ

L’ ¼ e$i(2!þ$=2)

0

" #
: ðA17Þ

Therefore, the two output polarization beams are orthogonal and decoupled in the helical basis.

APPENDIX B

PANCHARATNAM TOPOLOGICAL CHARGE

The so-called Pancharatnam phase has been introduced to measure the comparison of the phases of two light beams in different
states of polarization. It is defined as the argument of the inner product of the two Jones vectors describing the two light beams to be
phase compared,

"p ¼ arg hE(!; r);E(0; r)i: ðB1Þ

We can also define the associated topological charge of the beam, which is a nonsigned integer giving the number of times that the
azimuthal angle rotates about the phase disclination (topological defect),

lp ¼
1

2$

I
:"p ds: ðB2Þ

In the AGPM case, "p ¼ 2! (lp ¼ 2), which implies that the polarization state repeats itself 2lp ¼ 4 times (see Fig. 12).

APPENDIX C

PERFECT REJECTION PROOF

Let us now analytically compute the pupil plane intensity distribution. The latter can be expressed as the Fourier transform of the
product of the Airy disk function (a filled circular pupil is assumed) and the mask phase ramp. We have seen in x A2 that the mask
phase in the helical basis takes the simple decoupled form ei(lp!$$/2). Therefore, in the Fourier-plane polar coordinates (%,  ) we have

Apup(%;  ; lp) ¼ FT
2J1(2$Rtelr)

2$Rtelr
ei(lp!$$=2)

! "
(%;  ): ðC1Þ

Explicitly,

Apup(%;  ; lp) ¼ $i

Z 1

0

Z 2$

0

2J1(2$Rtelr)

2$Rtelr
ei(lp!)e$2i%r cos(!$ )r dr d!; ðC2Þ
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Pure vortex term
• Vortex:

• Geometric phase => achromatic

• Topological charge: 

A1. LINEAR BASIS

We can decompose the problem by projecting the incident polarization on the orthogonal linear (s, p) basis. Therefore, we have the
following Jones vectors as linear polarization inputs:

Ep ¼
1

0

! "
; ðA5Þ

Es ¼
0

1

! "
: ðA6Þ

Multiplying them both by the vortex Jones matrix Jvortex(s, p), we obtain

Ep ¼
!TE cos

2"þ !TM sin2"ei!#

sin " cos " !TE % !TMe
i!#

# $
" #

; ðA7Þ

Es ¼
sin " cos " !TE % !TMe

i!#
# $

!TM sin2"þ !TE cos
2"ei!#

" #
; ðA8Þ

respectively, corresponding to the output polarization states to be injected in a subsequent coronagraphic code. In the perfect case
(exact $ phase shift, i.e., !#TE%TM ¼ $ and unitary matched efficiencies !TE ¼ !TM ¼ 1) for the AGPM configuration (lp ¼ 2 and
thus " ¼ lp!/2 ¼ !, where ! is the azimuthal polar coordinate), we have

Ep ¼
cos 2!

sin 2!

! "
; ðA9Þ

Es ¼
sin 2!

%cos 2!

! "
: ðA10Þ

This implies that in the AGPM case (lp ¼ 2) an input linear polarization, which is horizontal, for example, will locally rotate by
twice the azimuthal angle !, as shown in Figure 12, where the corresponding output vectorial field and intensity response to linear
polarization are displayed.

A2. HELICAL BASIS

The analysis can be decoupled by projecting the incident vectorial field on a helical basis, i.e., with right- and left-handed circular
polarization unit vectors

R@ ¼
1

0

! "
; ðA11Þ

Fig. 12.—AGPM response to linear polarization. Left: Intensity map for an input linear horizontal polarization seen by a horizontal analyzer. Right: Same, but for
an input linear vertical polarization. Arrows show the corresponding vectorial polarization field that has been submitted to the rotation given by eqs. (A9) and (A10).
We clearly notice that a given polarization state repeats itself four times.
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Bomzon et al. 2002; Levy et al. 2004). Applications are numer-
ous: for example, polarimetry, laser-beam shaping, laser machin-
ing, tight focusing, particle acceleration, and atom trapping.
Space-variant ZOGs are typically described by a function rep-
resenting the grating vector spatial variation,

K(s; p)¼ K0(s; p) cos !(s; p)sþ sin !(s; p)p½ $; ð4Þ

where s and p are the Cartesian unit vectors and K0(s; p) ¼
2"/!(s; p) is the grating vector modulus corresponding to the lo-
cal period !(s, p). Here !(s, p) is the local direction of the grat-
ing vector with respect to s, the space-variant grating vector
always being perpendicular to the local grating lines (see Fig. 4).
In polar coordinates, we have

K(r; !)¼ K0(r; !) cos !
0(r; !)rþ sin !0(r; !)w½ $; ð5Þ

where r andw are the polar coordinate unit vectors. Here ! 0(!, r)
is the local direction of the grating vector with respect to r (see
Fig. 4). Let us now consider the general case of the spiral geo-
metric phase space-variant ZOGs. The grating groove direction
in this case is given by !(s; p) ¼ lp!/2 or !0(r; !) ¼ (lp/2' 1)!,
where lp is the so-called topological Pancharatnam charge (a
nonsigned integer; see Appendix B). The grating vector there-
fore becomes

K(r; !)¼ K0(r; !) cos (lp=2' 1)!
! "

rþ sin (lp=2' 1)!
! "

w
# $

:

ð6Þ

The continuity of the grating grooves is ensured by imposing
: < K ¼ 0, which also implies that the grating vector derives

from a grating function " (K ¼ :"). Integration over an arbi-
trary path yields

"(r; !) ¼
2"

r0
!0

r0
r

% &lp=2'1 cos (lp=2' 1)!

(lp=2' 1)
; lp 6¼ 2;

2"
r0
!0

f (r); lp ¼ 2:

8
>><

>>:
ð7Þ

This function describes a family of binary gratings depend-
ing on the topological charge lp (Fig. 5). Let us remark that
the continuity criterion has been introduced for manufacturing
convenience. In the lp ¼ 2 case, the circular symmetry allows the
choice of any pure radial function. The AGPM corresponds to

"AGPM(r; !) ¼ 2"
r

!0
; lp ¼ 2: ð8Þ

The family of spiral phase space-variant ZOGs creates an
‘‘optical vortex.’’ Indeed, at the center of these components, the
phase possesses a screw dislocation inducing a phase singular-
ity, i.e., an optical vortex. The central singularity forces the in-
tensity to vanish by a total destructive interference, creating a
dark core. This dark core propagates and is conserved along the
optical axis. Whether a dark core is created in the pupil or focal
plane of a telescope will determine the way it further evolves.
Swartzlander (2001) proposed to create an optical vortex in the
pupil plane to peer at the faint monochromatic signal in the re-
layed focal plane with appropriate filtering. In this paper, we
propose to do the inverse, i.e., to create an optical vortex in the
focal plane, filter in the relayed pupil plane, and make the detec-
tion in a final image plane. This solution is theoretically much
more attractive, as we will see. Furthermore, the ZOG’s unique
properties permit an efficient broadband use.

2.3. AGPM Coronagraph

The AGPM coronagraph corresponds to the spiral phase
of topological charge lp ¼ 2, implying that the Pancharatnam
phase (see Appendix B) undergoes two 2" phase jumps within
one revolution around the optical axis (see Fig. 6). This phase
modification results solely from the polarization manipulation
and is purely geometrical in nature. In the lp ¼ 2 case, a given
polarization state repeats itself 2lp ¼ 4 times. This point is ar-
gued for the linear polarization case in x A1 (a full analytical
treatment of the polarization using space-variant Jones matrices
is presented in Appendix A). We also show in x A2 that the

Fig. 4.—Space-variant ZOG vectorial analysis. Here s and p are the unit
vectors of the chosen Cartesian basis, whereas w and r are the polar coordinate
unit vectors. In addition, TE (transverse electric) and TM (transverse magnetic)
are the polarization unit vectors according to the local grating line orientations.
By definition, in normal incidence, the TE (TM ) components are orthogonal
( parallel) to the local grating vector K(s, p) [¼ K(!; r)], spanning angles !(s, p)
and ! 0(!, r) with respect to s and r, respectively. Finally,!(s, p) [ =!(!, r)] is the
grating period.

Fig. 5.—Binary grating geometry for topological charges lp ranging from 1 to
6. Only the lp ¼ 2 geometry possesses the required circular symmetry for use
with constant ZOG parameters, which permit achromatization. The component
centers have been occulted for presentation purposes.
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Analytical treatment: perfect rejection 
(Mawet et al. 2005, Foo et al. 2005, Jenkins 2008)

• lpth Order Hankel transform of J1 :

• Weber-Schafheitlin integral :

• Solution :  

where we recognize the nth order Bessel function Jn. Indeed, various integrals can be expressed in terms of Bessel functions,

Jn(z) ¼
1

2!i"n

Z 2!

0

eiz cos "ein" d"; ðC3Þ

and thus we have

Apup(#;  ; lp) ¼ "i l p"1 2e
ilp 

Rtel

Z 1

0

J1(2!Rtelr)Jlp (2!#r) dr: ðC4Þ

C1. AGPM CORONAGRAPH: lp ¼ 2

The previous result in the lp ¼ 2 case is the so-called Sonine’s integral (Sneddon 1951, p. 55),

S ¼
Z 1

0

y1þ$"kJk(ay)J$(by) dy ¼
0; 0 < a < b;

b$(a2 " b2)k"$"1

2k"$"1ak!(k" $)
; 0 < b < a:

8
<

: ðC5Þ

Thus, taking lp ¼ 2, we have

Apup(#;  ; lp ¼ 2) ¼
0; 0 < # < Rtel;

ei2 

!#2
; 0 < Rtel < #:

8
<

: ðC6Þ

We have demonstrated that in the perfect case for lp ¼ 2 (AGPM), the light is entirely rejected outside the geometric pupil area.

C2. GENERALIZATION TO lpTH-ORDER VORTICES

Equation (C4) corresponds to the so-called Hankel transform of lPth order of the Bessel J1 function. This transform has an analytical
solution (Abramowitz & Stegun 1972, p. 487),

Apup(#;  ; lp) ¼ "i1"lp
2eilp 

Rtel

(2!#)lp (2!Rtel)
"lp"1 !(1þ lp=2)

!(lp þ 1)!(1" lp=2)
2 F1

lp þ 1

2
;
lp

2
; lp þ 1;

#2

R2
tel

! "
; 0 < # < Rtel;

(2!#)"2(2!Rtel)
!(1þ lp=2)

!(2)!(lp=2)
2 F1

lp þ 1

2
;
2" lp

2
; 2;

#2

R2
tel

! "
; # > Rtel;

8
>>><

>>>:
ðC7Þ

where we recognize the gamma ! and hypergeometric 2F1 functions. This function shows perfect attenuation for even lp values only,

Apup(#;  ; lp) ¼ 0; # < Rtel and lp ¼ 2; 4; 6; : : : : ðC8Þ
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C2. GENERALIZATION TO lpTH-ORDER VORTICES

Equation (C4) corresponds to the so-called Hankel transform of lPth order of the Bessel J1 function. This transform has an analytical
solution (Abramowitz & Stegun 1972, p. 487),
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where we recognize the gamma ! and hypergeometric 2F1 functions. This function shows perfect attenuation for even lp values only,

Apup(#;  ; lp) ¼ 0; # < Rtel and lp ¼ 2; 4; 6; : : : : ðC8Þ
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Analytical treatment:
low-order aberration sensitivity 

• Sensitivity to tip/tilt s :

• Sensitivity to Stellar size :

• Exemple: R=0.01 λ/D 
=> lp=2 total leakage 810-5

=> lp=4 total leakage 10-8

=> lp=6 total leakage 10-12



Useful throughput

(4)



Practical implementation
• Implementation of  vectorial vortices 
≠ scalar vortices (Swartzlander et al.)

• No spiral staircase-like phase ramp

• Instead homogeneous birefringent medium with 
space-variant optical axis

• 3 possibilities:

• natural birefringent crystals 

• form birefringent subwavelength gratings

• liquid crystals



Birefringent crystals
• Solution adopted to achromatize the FQPM for 

SPHERE:

• Technology tested in the optical: 

• 10-6 at 5λ/D, 60% BW (Mawet et al. 2006)



Birefringent crystals
• Pros:

• Huge bandwidth (from J to K)

• Cost-effective

• Cons:

• Limited contrast: 10-5 at 4 λ/D

• Assembly delicate (cutting, gluing,...)

• limited to FQPM achromatization



Subwavelength gratings
• Grating equation:



Grating eq
m=0m=-1m=-2 m=1 m=2

Λ

λ



Subwavelength grating (Λ<λ) = zero order grating (ZOG)

 

m=0



TE
TM

TE
TM

∆Φ=2π/λ (nTM-nTE) h

h

ZOG 1D artificially birefringent 
Geometry structure control

fine tuning of the form birefringence dispersion
∆nform (λ)=nTM-nTE

 
chromatism compensation 

ΔΦ=2π/λ (∆nform (λ))h= π



State-of-the-art I
• Israel Institute of Technology at 10 microns:

• Manufacturing of VV prototypes

• Lab demonstration VV principle (Niv et al. 2007):

• Validation in Natural broadband light ;

• Validation of the polarization filtering principle.



State-of-the-art II
• NanoOpto (Deng et al. 2005)

• In the optical (600-800 nm)

• Phase control: 10-2 rad



Prototyping operations
• MicroDevices Lab:

• Silicon etching for K band prototype

• MEMS Optical:

• Fused Silica deep etching for K band prototype

• University of Liege, Paris Observatory, Grenoble 
Observatory consortium:

• Fused Silica for K band (SPHERE upgrade)

• Diamond ICP-etching (with Uppsala University) 
for K and N bands.



Subwavelength gratings
• Pros:

• durable, reliable

• flexibility in the design (optical, IR)

• Cons:

• cost # λ-2 (NanoOpto quote: 200k)

• achromaticity perspectives currently limited to 
10-2 rad over 20% BW

• Topological charges >2 difficult to achieve with a 
single vortex



Technological breakthrough:
Hybrid Liquid Crystal Polymers (JDSU)

Vortex retarders produced from photo-
aligned liquid crystal polymers

Scott C. McEldowney, David M. Shemo, and Russell A. Chipman 

Optics Express, Vol. 16, Issue 10, pp. 7295-7308



Prototyping operation 
• One lp=2 single-layer H band prototype has been 

manufactured by JDSU and is under test at JPL 
(Gene Serabyn’s nulling lab).



Successful first demonstration
• First results promising, demonstrating the validity 

of the Optical Vectorial Vortex principle and of this 
brand new technological approach (Mawet et al. 
2008, in preparation).

Pupil plane image,
showing the vortex creation



JDSU HyLCP
• Pros:

• Lab demonstrated

• Best achromatic perspectives 

• 1-layer design => ~0.1 rad 20% BW

• 2-layer design => ~0.01 rad 20% BW

• 3-layer design => ~0.001 rad 20% BW (TPF-C spec)

• Higher topological charges easy to do (lp=8 prototype already 
manufactured)

• Cost-effective

• Cons:

• Central confusion zone (currently 50 microns) 

• reliability ? 

• space qualification ?



Conclusions - FAQs
• Vortex analytical theory shows that only even 

topological charges are coronagraph candidates 
(theoretical perfect attenuation)

• The FQPM is a discrete vortex (charge 2)

• 10-10, achromatic contrast will be HARD in 
practice with all pure phase masks

• OVVC has the same optical net effect as the 
OVC, the difference is in the practical 
implementation of the phase shift (no phase ramp)



FAQs

• The sensitivity to aberrations scales as the power 
of the topological charge:

A lp=4 OV(V)C is equivalent to a BL4


